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AEXlDY !!X4IC REQiTIRZXEYT S FOR LONCrITUDINAL STABXLITY 
OF WINGED SPACE VEHICLES DESCENDING I N T O  TlIE EARTHIS 

ATIBSPHZRE AT VE2Y HIGH ANGLES OF ATTACK 

* 
By Ern ie  L. Anglin and S tan ley  H.  Scher 

Axon,: t h e  m a y  ca t egor i e s  of vehic les  which have been proposed f o r  

use as atrnospheric r e e n t r y  veh ic l e s  are winged c r a f t  which e n t e r  t h e  e a r t h ' s  

akncsphere a t  very high angles  of a t t ack .  

f o r  r e e n t r y  a t  9Co angle o f  a t t a c k ,  while o t h e r s  ars t-, come i n  a t  5C0 t c  

69' -ingle of a t t a c k .  

o r b i t a l  vo loc i ty  Lqd a l t i t u d e  t o  some v e l o c i t y  a id  zltit-2.i~ .-t. which a 

Some veh ic l e s  have been pr3pTsed 

I n  e i t h e r  case,  t h e  c r a f t  i s  t o  d e c e l e r a t e  frm 

t r a n s i t i o n  naneuver t o  low angle-of-at tack f l i g h t  would be made p r i o r  t:, 

a normal landing.  

A s tudy  has been irindc t o  dc te rmim combinations of serodynamic design 

f a c t o r s  which would enable  such a c r a f t  t o  descend toward t h e  e a r t h  without  

tumbling end over  end and without  o s c i l l a t i n g  a t  iiiiigriit.;des m-d/or frequen- 

c i e s  beyond those which may be considered as reasonable  f o r  a manned 

veh ic l e .  

The c m d i t i o n s  t e s t e d  are  f o r  t e m i n o l  v e l o c i t y  a t  kea l e v e l ,  5 C , C C r  

f Z e 5 ,  1Cl0,GCO f e e t ,  and 2CO,CGC f e e t .  

ments are presented  i n  t w m s  of the u s u a l l y  seen 1onTi tudina l  s t x b i l i t y  

d e r i v a t i v e s  Cm , CL , and C:, , which a r e  r c s p e c t i v s l y  t h e  s t a t i c  p i t ch -  

in f ,  xoment c o e f f i c i e n t  due t o  nnzle of a t t a c k ,  t h e  l i f t  c o e f f i c i e n t  due to 

crngle of a t t a c k ,  and t h e  damping in p i t c h  c o e f f i c i e n t .  

were d e t e m i n e d  from t h e  r e s u l t s  o f  no t ion  c a l c u l a t i o n s  of a descendin[; 

v e h i c l e  f o r  va r ious  combinations o f  t h e  a e r o d y n d c  f a c t o r s .  -4 d i g i t a l  

The l o n z i t u d i n a l  aerodynamic i-equire- 

a a cl 

The requirements 
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caRput;.r was used f o r  t n e  motion c a l c d a t i o n r .  The computer solved the 

thr€e-de,:ree-of-freedom equat ions o f  no t ion  m d  t h e  Eiuxiliary equat ions  

shown i n  figure 1. CL 

versus a 

i n t o  i t s  two conponents a long t h e  X and 2 body axes as a computer con- 

venience.  

A s  may be noted i n  t h e  equat ions  of motion, t h e  

aerodynamic d a t a ,  which w i l l  be presented  I n t e r ,  was broken down 

ICthough problems of l a t e r a l  s t a b i l i t y  w i l l  a l s o  have t o  be considered 

f w  -,I:>@ r e e n t r y  ven ic l e s ,  t h i . ;  i n v e s t i p k i o n  was c-tifine? t o  l ong i tud ina l  

mt ims .  Sone a v a i l a b l e  free-body t e s t s  wi-ch dj.nax3.c m d e l s  i n d i c s t c d  ?:le 

f. dcI ,, .i' ~ i l i t y  of  making sepa ra t e  s tEdips  of t h e  1onS i t Jd ina l  and l a t e r a l  

n;,tiocs. In the presen t  i n v e s t i g a t i o n ,  t h e  approximate angle of  a t t a c k  

f o r  reent ry  was 90'. 

for any d e s i r e d  reentry an6 trim mgle of a t t a c k .  

However, t h e  approach and methods used are app l i cab le  

This study may be considered as e x t r s p o l a t i o n  from one of t h e  f r e e -  

The model used was a f l a t - p l a t e  del ta-shape wi th  an apex angle body tes ts .  

of 76'. 

in; motion p i c t u r e s  which were made i n  t h e  Langley 20-foot v e r t i c a l  wind 

tunne 1. 

The behavior  of t h e  f r e e  model i n  descent  i s  shown i n  t h e  accompany- 

The technlque used i n  t h e  Totion c a l c u l a t i o n s  involved i n s e r t i n g  i c i t i a l  

v ? k - . s  for angle  of a t t a c k  and descent, v e l o c i t y  i n t o  t h e  conputer f o r  a 

Tlvcn c m b i n a t i o n  of aemdyVnmLC, FAYS, i n e r t i a ,  and dirnensional 'nputs .  

The n o t i o n  was then  c a l c u l s t e d  by the  computer. 

i n d i c a t e d  decreas ing  o s c i l l a t i o n s  taward +,ne t r i m  angle of a t t a c k  were said. 

t o  be s t a b l e  cond i t ions ,  whereas combinations i n d i c a t i n g  s t e a d i l y  I r c r e x i n g  

o s c i l l a t i o n s  were s a i d  t o  be uns teb ie  c o n d i t i m s .  

Inpu t  combinations which 
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I!o c o n t r o l  d e f l e c t i o n s  were used i n  e i t h e r  the experimental  o r  

a n a l y t i c a l  s t u d i e s .  

dynxi ic  s t a b i l i t y  by t h e  a b i l i t y  t o  damp o s c i l l a t i o n s  and seek a t r i m  

The ob jec t ive  w a s  t o  determine t h e  dezroe o f  i nhe ren t  

a t t i t u d e  f o r  t h e  var ious  combinations o f  i n p u t s  used, and t o  determine 

t h e  r e l a t i v e  importance of t hese  inputs .  

The s t a t i c  and o s c i l l a t i o n  aerodynamic c h a r a c t e r i s t i c s  f o r  t h e  free- 

bgdy model, as measured i n  t h e  Langley f r e e - f l i g h t  t unne l ,  are shown i n  

figure 2. T h i s  d a t a  was measured a t  a Reynolds number of  approximately 

lbC , OCC, based on mean aerodynaTic chord. 

A time h i s t o r y  of t h e  angles  of a t t a c k  obtained f r o n  t h e  b a s i c  ca l cu la t ed  

r e s u l t  a r e  cornpared i n  f i g u r e  3 wi th  the  t i m e  h i s t o r y  from t h e  motion p ic -  

t u r e s  shown previously. 

of f i g u r e  2 as a computer i n p t .  

agree very c l o s e l y  with t h e  experimental  r e s u l t s .  

The ca l cu la t ed  result used the aerodynamic data 

A s  may b3 noted, t h e  c a l c u l a t e d  results 

The range of l i f t  c o e f f i c i e n t  versus  angle of a t t a c k  used i n  t h i s  s tudy 

1 i s  shown i n  figure 4,  wi th  that f o r  the basic d e l t a  wing ind ica t ed .  

r i n g e  of s t a t i c  p i t ch ing  moment versus  angle  o f  a t t a c k  used i s  shown i n  

f i b w e  5, wi th  t h a t  f o r  t h e  b a s i c  d e l t a  wing again ind ica t ed .  

The 
I 

For ca l cu la -  

tions r e s u l t i n g  i n  decreasing c s c i l l a t i o n s ,  t h e  aerodynamic d a t a  used was 

only  t h a t  a long t h e  l i n e a r i z e d  constant-s lope po r t ions  of t h e  C, and CL 

versus u curves.  Therefore,  it appeared j u s t i f i a b l e  t o  use  and 

CL i n  d e f i n i n g  nagni tudes o f  s t a t i c  aerodynamic p i t c h i n g  moment and l i f t  
iz 

r q u i r e d  f o r  l ong i tud ina l  s t a b i l i t y .  For c a l c u l a t i o n s  i n  which d iverg ing  

' 3 s c i l l a t i o n s  o r  tumbling was ind ica t ed ,  t h e  c m p i t c r  i i ~ d  t-, use t h e  cnnple te  

non-l inear  CL versus a and C, versus ( 3 ~  curves.  
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A11 t h e  res1;lts obtained d i r e c t l y  f r o i  t h e  conputer cons is ted  51 t i n e  

hf -e tor les  o f  a nmibcr of v a r i a b l e s  showin.; a t t i t u d z  m d  1ine.x- md m2p?ar 

v c l o s i t i a s .  Among these  v a r i z b i e s  arc &.?le o f  a t t a c k ,  p i t c h i n g  v e l o c i t y ,  

r a t e  of descent ,  r e s u l t a n t  l i n e a r  ve loc i ty ,  a l t i t u d e ,  and t h e  h o r i m r . t a l  

d i sp l acenen t  of t h e  c e n t e r  of Sravi ty .  A t j ? $ c a l  p lo5  of a t ine  h l s t o r y  

i s  shown i n  f i T e  6. 

p i c  t u e  c a r l i e r .  

Th i s  p l o t  i s  f x  t h e  b a s i c  model shown i n  t h e  n o t i m  

Tile r e s u l t s  of t h e  inves t i f l a t ion  inciicatin;  xerod:m&c requiromants 

f o r  1m:itudinal s t a b i l i t y  zrc shown in fi- ;ure 7 as func t ions  of CL, 

This  figure i s  f o r  a given v r lue  cx? Cma aid zltitude. V.ir ia t ions 
ZnZ? %. 
ic 

s u b j e c t  conf igura t ions .  

C i a  appeared t o  have a major e f f e c t  on t h e  inhe ren t  s t a b i l i t y  c ~ f  t h e  

Large negat ive va lues  i n  genera l  l e d  t o  larger 

o s c i l l s t i n n s  w i t h  q r c a t e r  da;nping moment, 

r3t:bility. 

~ ? : 5 1 e  c w b i n a t i o n s  whi le  p o i n t s  t o  t h e  r i g h t  and below t h e  l i n e  i n d i c a t e  

uns t ab le  conbinat ions.  

even a p o s i t i v e  value of 

Cmq9 shown t o  be necessary  f o r  

Cnmbinations f a l l i n g  m3ve m d  $ 3  t ho  Left zf tne 1 inc  l n d i c h t e  

CL,, I t  may be noted that f3r c e r t a i n  values  of 

C, does not  cause an uns t ab le  ao t ion .  
9 

Chm,;ing va lues  of C, did  n o t  affect t h e  l f x a t i q n  of t h e  stTbi3ity 

Cna used, t h e  s t a b i l i t y  r equ i r eaen t s  i n  
a 

d i v i s i m  l i n e .  

t e r m  of  C i a  

For .my value of 

appear t o  be th.;: sane. 
and c% 

1ncrea;;iq altitude should c m s e  an increased  dmpinl; t o  ‘oe necc’sscr j  

f o r  stnSill’,jr clue t-, +,he fact t h a t  t h e  s t a t l c  t e r d y n a m l c  c o e f f i c i e n t s  cr3 

n o n - d l ~ m s i m a l i z e d  by fi velocity-squnred term whi l e  t h e  dampifit: c o a f f i c i e n i c  

n r e  non-di:nensiGnalized by v e l o c i t y  r a i s e d  o n l y  i n  the f i r z t  power. ! Iowvcr ,  

i f  an increased  dmplng  due t o  a l t i t u d e  inc rcase  was necessary here, it Crk: 

t o o  s m d l  t o  be no t i ceab le .  
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Tisr la t ions  in Cn hac? a m j o r  e f f e c t  on t h e  per iod of t h e  q s c i i l a t i o n c ,  
a 

as s ' I - , ~  i n  f i p r z  8. The lcwer v;>;c: ol" S., T R V ~  inc lonTer  p c r i d s .  

Irc;.casing a l t i t u d e  ?we s l i g h t l y  l o n p r  peri.;.js, slthqu:h t h e  e f f e c t  was 

2'5 v e r y  :reat. 

t he  periDd. 

C z ,  and Crq v a r i a t i c n s  apparent ly  $-id YO e f f e c t  on 

The stability requirements in t e r n s  o f  C, and Cy, m y  50 a 
La (1 

f u n c t i m  o f  Xach nuTber o r  VeiGCitj. due t o  t h e  rnethqcs c f  non-dimensi?nal- 

i z i n -  s t a t i c  and d s q i c g  coefficients discussed p~evi~)1 .1sL~r .  

The ltlterai s t a b i l i t y  requirenents s h m l d  also be inves t i{ ;a tc?  f o r  

r e a n t r y  vehic les .  

t r a n s i t i o n  i s  made t o  more n o m a 1  low-angle-of-attack f l i q h t ,  t h e  probleq 

of  stability and control may become more complex. 

I n  a d d i t i o n ,  durin: phaEes of t h e  f l i z h t  a t  which 

Analy t i ca l  stuciies of 

s w h  n;oti.x,s m y  be  necessary us ing  non-l inear  aerodynmlc  d a t a  and Fix- 

degree-sf-freedom equations o f  motim. 

- 5 -  







4-1 5-60 
. . k; b .  

-7 r+J -- * ' 

.---- --_ ___ 
Abstract of Proposed Paper for 

Institute of Aeronautical Sciences Symposium 
on Recovery of Space Vehicles 
on August 31-September 1, 1960 

AERODYNAMIC REQUI-TS FOR LONGITUDINAL STABILITY 
OF WINGED SPACE VEXICLES DESCENDING INTO THE EARTH'S 

ATMOSPHERE AT VERY HIGH ANGLES OF ATTACK 

By Ernie L. Anglin and Stanley H. Scher 

A number of proposals have been made for vehicles which reenter the 

earth's atmosphere at very high angles of attack, and then later make 

a transition maneuver to low angle-of-attack flight. An analytical 

investigation has been made to determine the req2iremnts in static and 

damping aerodynamic factors for prevention of end-over-end motions and 

for limiting oscillations to reasonable amplitudes and frequencies for 

such a craft when near or at 90' angle of attack. 

showing the requirements in terms of the longitudinal aerodynamic factors 

Charts are presented 

P vma) C i a ,  and Cm . These requirements may be applied at any Mach 
9 

number by proper numerical adjustment t o  the damping derivative. The 

effects of mass loading variations and of altitude are included. The 

methods used are applicable for any desired reentry angle of attack&!! 6 d  

Correlationib with available dynamic model tests. Submqwmt 
t 4 ,  A 4 ,  

Y- ', (i ' ' 

-Wa-rk-#rk ' T-Tm~ltxcts  a-determination of how various longitudinal and lateral 

aerodynamic design factors would affect the transition maneuver to low- 

angle-of-attack flight. 
A 
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A amber of pmposals have been mule for vehicles which reenter 

the earth's atmosphere at very high aglrss of attack, and then later 

of M ~ S B  loading variations and of altitude are Included. The methods 

used are applicrable for a n y 6 s i r e d  reentry angle of attack and corm- 

.btions are pmvfdea with available dynamic model tes ts .  
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